We introduce the stellar sample of the WIYN Open Cluster Study radial-velocity survey for the rich open cluster NGC 7789 (1.6 Gyr, [Fe/H] = +0.02). This sample lies within an 18 circular radius from the cluster center (10 pc in projection, or about 2 core radii), and includes giants, red-clump stars, blue stragglers, red stragglers, subsubgiants, and main-sequence stars down to one mag below the turnoff. Our survey began in 2005 and comprises more than 9,000 radial-velocity measurements from the Hydra Multi-Object Spectrograph on the WIYN 3.5m telescope. We identify 564 likely cluster members and present the orbital solutions for 83 cluster binary stars with periods between 1.45 d and 4200 d. From the main-sequence binary solutions we fit a circularization period of 8.22 +3.51 −1.35 d. We calculate an incompleteness-corrected main-sequence binary frequency of 31% ± 3% for binaries with periods less than 10 4 days, similar to other WOCS open clusters of all ages. We detect a blue straggler binary frequency of 31% ± 15%, consistent with the similarly aged cluster NGC 6819.
INTRODUCTION
The WIYN Open Cluster Study (WOCS; Mathieu 2000) seeks to probe a wide variety of questions in stellar astrophysics by acquiring comprehensive photometric, astrometric, and spectroscopic data on a selected set of rich, nearby open clusters that span age and metallicity (100 Myr t 8 Gyr; -0.4 [Fe/H] +0.3). Within WOCS, extensive data have been combined and presented for M35 (150 Myr; Geller et al. 2010 ; Thompson et al. 2014; Leiner et al. 2015) , NGC 6819 (2.5 Gyr; Platais et al. 2013; Yang et al. 2013; Milliman et al. 2014) , M67 (4 Gyr; Geller et al. 2020, and references therein, in prep.) , NGC 188 (7 Gyr; Sarajedini et al. 1999; Platais et al. 2003; Geller & Mathieu 2012) and NGC 6791 (8 Gyr; Platais et al. 2013; Tofflemire et al. 2014 ). These data have been the foundation for a wide array of scientific discoveries including insights into blue straggler (BSS) formation (Geller & Mathieu 2011; Milliman et al. 2015; Gosnell et al. 2015; Leiner et al. 2019) , an age-rotation relationship for cool stars (Meibom et al. 2015) , open cluster sub-subgiants (Milliman et al. 2016; Geller et al. 2017a,b; Leiner et al. 2017 ) and more (Sandquist et al. 2018; Deliyannis et al. 2019) .
In this paper we introduce the stellar sample of the WOCS radial-velocity (RV) survey of NGC 7789 (α = 23 h 57 m 21 s .6, δ = +56 • 43 22 J2000). NGC 7789 is a well-populated, 1.6 Gyr (Gim et al. 1998b ) open cluster at a distance of 2.0 kpc with [Fe/H] = +0.02 ± 0.04 determined by Jacobson et al. (2011) . Wu et al. (2009) measure a core radius of 8.82 ± 0.91 and determine a cluster mass between 5150 M and 7710 M depending on the measurement method used.
Photometric studies of NGC 7789 begin with Burbidge & Sandage (1958) and include the V I photometry of Gim et al. (1998b) as well as the variability surveys of Jahn et al. (1995) , Mochejska & Kaluzny (1999) , and Zhang et al. (2003) . A propermotion study of McNamara & Solomon (1981) focused on evolved stars in NGC 7789. Here, we adopt the astrometry of Gaia Data Release 2 (Gaia DR2; Gaia Collaboration et al. 2016 Collaboration et al. , 2018a . The use of Gaia DR2 allows for more detailed study of the cluster, including the confident identification of cluster members based on their proper motions and parallaxes (Cantat-Gaudin et al. 2018; Gao 2018) .
The bright giants in NGC 7789 have also been the target of many spectroscopic abundance studies including Pancino et al. (2010) , Jacobson et al. (2011), and Overbeek et al. (2015) . These abundance studies as well as the RV surveys of cluster giants done by Gim et al. (1998a) and Casamiquela et al. (2016) have provided one to several RV measurements for most of the evolved stars in NGC 7789. With this paper we provide a complete RV time-series survey from the most luminous stars down to ∼1 mag below the main-sequence turnoff. We also present the first comprehensive collection of spectroscopic binary orbit solutions for NGC 7789, and use these solutions for a first look at connections between binaries and the stellar population.
STELLAR SAMPLE AND PHOTOMETRY
The primary RV target sample for NGC 7789 that is the basis for this paper includes 1206 stars. The sample was initially built from the extensive V I CCD photometry of Gim et al. (1998b) . This photometry was obtained from the Dominion Astrophysical Observatory 1.8 m Plaskett telescope and covers ∼18 radius from the center of NGC 7789. The full photometry set has over 15,000 stars, is complete from V ∼ 10 to V ∼ 21, and has a V standard error under ∼0.01 mag down to our primary sample cutoff at V = 15.0. As in Milliman et al. (2014) , we applied cuts in V and in V − I, such that V < 15.0 and that the stars above this cutoff had a measured V − I in Gim et al. (1998b) . We applied these criteria in order to select the upper main sequence, red clump, giant branch, and blue stragglers as well as other alternative stellar evolution products in the cluster.
We then cross-matched this sample of stars with Gaia DR2 using TOPCAT (Taylor 2005) . From our sample of 1206 stars, we were able to retrieve matches for 1204 stars using a tolerance in position of 1". Of these, 1187 had full photometric and five-dimensional astrometric information. We use the proper motions to determine cluster memberships for our RV sample, discussed in detail in section 6.3. The remaining 17 stars had insufficient proper-motion information for complete membership determination (Section 6.4). Out of these 17 stars, 6 are RV members (Section 6.2), and are classified as cluster members. We adopt the photometry of Gaia DR2 for the remainder of this paper. As shown in Figure 1 , our sample extends from G ∼ 10 to G ∼ 15, one mag below the main-sequence turnoff, and includes giant stars, a well-populated red clump, and a large number of BSS candidates.
WIYN OBSERVATIONS AND DATA REDUCTION
Our observations of NGC 7789 began in 2005 January using the Hydra Multi-Object Spectrograph (MOS; Barden et al. 1994 ) on the WIYN 1 3.5m telescope. Our spectra are typically taken in a wavelength range of ∼500Å centered on 5125Å, which encompasses the Mg B triplet and a rich array of narrow metal lines. We conduct our observations at 11 th order, which yields a spectral resolution of ∼15,000-20,000 with a dispersion of 0.13Å/pix. More details on our observational setup can be found in Geller et al. (2008) .
We follow the standard data acquisition and reduction procedures of the WOCS RV survey described in Geller et al. (2008) . Briefly, for each configuration our data include one 100 s dome flat and two 300 s thorium-argon emission lamp spectra, one each before and after three science integrations. We use standard IRAF routines to bias subtract, dispersion correct, and extract each spectrum. We then flat-field, throughput correct, and subtract the sky from these spectra. In 2014 August we The goal of this study is to conduct time-series observations of evolved stars, stars in the upper main sequence and stars on alternative evolutionary tracks in order to detect binaries and determine their orbital properties. For each observing run we use a prioritization system described in Geller et al. (2008) that emphasizes highamplitude velocity-variable, short-period binaries, followed by longer period binaries. For a complete orbital solution, we typically require a minimum of 12 observations of sufficient quality as defined in Section 4, and that the best fit orbital solution has an rms residual velocity comparable to the velocity measurement errors. As of 2019 July, we have over 9,000 spectra spanning nearly 15 years for 1,198 stars in the primary sample. The resulting RV measurements and first results from these data are presented in this paper.
RV MEASUREMENT AND PRECISION
RVs for single narrow-lined stars (i.e., stars with v sin i < 10 km s −1 ) are derived from the centroid of a one-dimensional cross-correlation function (CCF) with an observed solar template at zero velocity, converted to a heliocentric velocity, and corrected for the individual fiber offsets of the Hydra MOS. RVs for double-lined stars are derived following the two-dimensional cross-correlation technique TODCOR (Zucker & Mazeh 1994) . Based on the analysis of Geller et al. (2008) , we apply a quality threshold requirement of CCF ≥ 0.4 for our RV measurements. We present all of our quality RV measurements for each star in Table 1 , along with the Heliocentric Julian Date (HJD) of the observation and the height of the cross-correlation function. We also include the RV residual and the orbital phase of the observation for binary stars with completed orbital solutions.
Following the procedure of Geller et al. (2008) and Tofflemire et al. (2014) of fitting a χ 2 distribution to our observed distribution of RV standard deviations, we find our precision, σ i , for the NGC 7789 narrow-lined stars to be 0.3 ± 0.04 km s −1 (Figure 2 ). This value is consistent with the value of σ i = 0.4 km s −1 used in previous WOCS papers, which we adopt here as a conservative estimate.
For stars in our sample that are rapidly rotating (v sin i > 10 km s −1 ), using an observed solar template results in a decrease in precision in our radial-velocity measurements due to their broadened CCFs. To achieve better RVs, we cross-correlate these stars against a grid of synthetic spectra 2 (Kurucz 1993; Meibom et al. 2009 ) with solar-metallicity, log g = 4.0, T eff = 6500 K (unless otherwise noted) and spanning a range of projected rotation velocities. We selected these particular values for temperature and log g based on the parameters near the turnoff of a 1.6 Gyr isochrone generated by the MESA Isochrones & Stellar Tracks (MIST; Dotter 2016 -52.911 0.80 · · · · · · · · · · · · · · · Note- Table 1 is published in its entirety in machine-readable format. A portion is shown here for guidance regarding its form and content. Figure 2 . Histogram of the RV standard deviations from the first three observations of the narrow-lined stars in our primary sample. We overplot the best-fit χ 2 distribution function with a precision of 0.3 ± 0.04 km s −1 . The excesses above the theoretical distribution beginning at 0.5 km s −1 are velocity-variable stars. and references therein), corresponding to the CMD position of the majority of the rapidly rotating stars (Figure 3 ). Adjusting the temperature of the synthetic spectra improved the RVs only for the hottest of stars in our sample. We note these stars and their best-matched temperatures (the highest cross-correlation peak height) in Table 2 . From the best-matched template we derive the RVs presented in Table 1 and note the v sin i of the synthetic spectra in Table 2 . We assign a precision to these rapid rotators (RR) using the following relationship from Geller et al. (2010) :
(1)
The above procedure does not work consistently for stars with v sin i greater than ∼120 km s −1 because of their very broad CCFs. We label stars in our sample that are rotating faster than this as very rapid rotators (VRR), and we are unable to get accurate RV measurements or membership information for these stars.
In our sample, we identified 273 RR and 113 VRR stars. We plot the CMD location of 270 of the RR stars and all 113 VRR stars in Figure 3 . As expected, most of these stars are hot and blue, with G BP − G RP ≤ 1.0, and are concentrated on the upper main sequence (MS). These stars represent approximately 50% of the main-sequence stars in our primary sample.
COMPLETENESS
The primary target sample in this paper is comprised of 1206 stars with RV measurements starting in 2005. For our survey we constantly reevaluate the observing priority of each star. Generally we classify stars as single or velocity variable after three observations (Mathieu 1983; Geller & Mathieu 2012) , and we then prioritize velocity-variable stars for continued observations until we determine an orbital solution. When we identify a VRR we move it to the bottom of our observation priority because we are unable to derive accurate RVs for such rapid rotators.
The percentages of stars for which we have three or more observations (excluding VRRs) as a function of cluster radius and of G magnitude are shown in Figure 4 . We are able to classify almost 99% of stars in our primary stellar sample of NGC 7789 as single (by which we mean non-velocity variable), velocity-variable, or as VRRs. There are no significant biases in the classified stars with radius or magnitude. Figure 4 . Percentage of stars in our sample (excluding VRRs) that have three or more RV observations with respect to distance from the cluster center (left) and G magnitude (right).
RESULTS OF RV STUDY

Velocity-Variable Stars
We define velocity-variable stars as having RV standard deviations (the external error, e) greater than 4 times the precision (the internal error σ i , or i, described in Section 4) 3 , that is e/i > 4 (Geller et al. 2008) . For each star with three or more observations we calculate the RV and e/i, and classify it as single or velocity variable. Based on a Monte Carlo analysis for the NGC 7789 RV measurements, this procedure identifies 84% of all binaries under 1,000 days and 60% of all binaries with periods under 10,000 days (Section 8).
We present the coordinates, Gaia DR2 photometry, number of observations, RV, RV standard error, e/i, proper-motion membership probability (P µ ; Section 6.3), RV membership probability (P RV ), and membership classification for all of the stars we have observed in NGC 7789 as of 2019 July in Table 2 . For each binary star with a completed orbital solution, the center-of-mass velocity, γ, its error, and whether it is a single-or double-lined binary are also included in Table 2 . 1.5 ± 0.1 25.7 ± 4.7
RV Membership Probabilities
We follow the standard WOCS procedure and calculate the RV membership probability of a given star, P RV in Table 2 using the equation:
.
(2)
F cluster and F f ield are Gaussian functions simultaneously fit to the cluster and field-star populations using our sample of all single stars with three or more RV measurements. We plot these RVs and Gaussian functions in Figure 5 and record the parameters for these Gaussian fits in Table 3 . The RV survey of giant stars by Gim et al. (1998a) found an average RV of −54.9 ± 0.9 km s −1 (s.d.) based on 50 stars and the abundance study of Jacobson et al. (2011) found an average RV of -54.7 ± 1.3 km s −1 based on 26 evolved stars in NGC 7789. Overbeek et al. (2015) found an average RV of -54.6 ± 1.0 km s −1 based on their study of 32 evolved stars. Our Gaussian fit to the cluster distribution is consistent with these studies, with a measured RV of -53.5 ± 1.5 km s −1 . Our result also matches that of Casamiquela et al. (2016) who found a median RV of -53.6 ± 0.6 km s −1 for seven red clump stars in NGC 7789. Geller et al. (2008) and Geller et al. (2015) found that the WOCS RV system is on the same zero-point as the DAO (Fletcher et al. 1982) and CfA (Latham et al. 1985) systems.
We note a clear separation between the cluster and field populations based on P RV ( Figure 6 ) and we adopt the standard WOCS membership threshold of P RV ≥ 50% for NGC 7789. We estimate from the cluster and field Gaussian functions a field star contamination of 5% at this membership threshold.
Proper-Motion and Radial-Velocity Memberships
We compare our RV membership results to the astrometric data retrieved from Gaia DR2. We were able to obtain complete astrometric information for 1187 stars in our primary sample. For each of the sources returned, we check the associated astrometric excess noise ( i ) and the significance of the excess noise (D), which determine the disagreement between the observations of a source and the best-fitting astrometric model. For our derivation of P µ for this cluster, we reject those sources which have i ≥ 10 −3 , which corresponds to D 10 −2 . By rejecting these sources we aim to Figure 5 . Histogram of the RV distribution of single stars, e/i < 4, with three or more RV observations. Also plotted are the Gaussian distributions fit to the cluster (the large peak at a mean velocity of -53.5 km s −1 ; purple line), and the field (green line). minimize the effects of any systematic variations in the astrometric data. We rejected a total of 85 stars from our sample, leaving 1102 stars with complete and low-noise astrometry as determined by Gaia DR2. We use the astrometry from these 1102 stars to construct a two-dimensional Gaussian fit in proper-motion space in a similar manner as with the RVs. In this case, we fit two-dimensional Gaussian functions simultaneously to the proper motions of both cluster member and field stars. A more general description of this process is laid out in Gao (2018) . We show the two-dimensional histogram of the proper motions 
0.140 ± 0.004 1.9 ± 2.5 obtained from Gaia DR2 in Figure 7 , and the Gaussian fits are shown in Figure 8 . We also show the parameters for these fits in Table 4 . As with the RVs, there is a clear separation in P µ between cluster and field populations, as shown in Figure 9 . We again adopt the WOCS standard membership threshold of P µ ≥ 50%. We estimate from the amplitudes of the one-dimensional Gaussian functions fit to the cluster and field populations a field-star contamination of ∼4% at this threshold.
Where available we list the P µ in Table 2 . In Figure 10 we plot the membership percentages from our RV study and Gaia DR2 proper motions. We find the majority of stars that overlap between the data sets have membership classifications that agree. As noted above, we expect a field star contamination of 5% within our sample of stars with P RV ≥ 50% based on the Gaussian fits to the cluster and field star distribution. Comparing the P µ and P RV values we indeed find ∼7% of the stars with P RV ≥ 50% have proper motions that identify them as field stars, as can be seen in Figure 10 .
We note that in Figure 10 there also appear a substantial number of stars for which P RV < 50% and P µ > 50%. Most of these stars are highly velocity variable, such that their mean RVs do not coincide with the mean RV of the cluster, but do include the mean within the range of their minimum and maximum measured RVs. There are 29 stars, however, that are either not velocity variable, rapidly rotating, or whose velocity variability does not include the mean RV of the cluster. Under the conservative assumption that these stars are all cluster nonmembers, they comprise ∼3% of our sample, consistent with our estimate. . Our radial-velocity membership probabilities compared with our proper-motion membership probabilities derived from Gaia DR2 for the stars in our sample that have been observed at least three times and have complete and low-noise astrometry available, excluding VRRs (n = 979).
Membership Classification of Stars
Following previous WOCS procedure , we give in Table 2 membership classifications for stars in NGC 7789. The classifications are defined below for ease of reference here. Table 5 lists the number of stars in each membership classification.
Single Member (SM): Stars that have e/i < 4, P RV ≥ 50%, and P µ ≥ 50%.
Single Non-member (SNM): Stars that have e/i < 4 and either P RV < 50% or P µ < 50%. Binary Member (BM): Velocity-variable stars that have a completed orbital solution, P RV ≥ 50%, and P µ ≥ 50%.
Binary Non-member (BNM): Velocity-variable stars that have a completed orbital solution and either P RV < 50% or P µ < 50%.
Binary Likely Member (BLM): Velocity-variable stars that do not have a completed orbital solution, P RV ≥ 50%, and P µ ≥ 50%.
Binary Likely Non-member (BLN): Velocity-variable stars that do not have a completed orbital solution. Either P RV or P µ is < 50% and the range of RVs does not include the cluster mean, making it unlikely that the orbital solution will place the star within the cluster distribution.
Binary Unknown (BU): Velocity-variable stars that do not have a completed orbital solution. P RV is < 50%, but P µ is ≥ 50%, and the range of individual RVs includes the cluster mean, making it possible that the binary could be a member.
Very Rapid Rotator (VRR): Stars that are too rapidly rotating (v sin i > 120 km s −1 ) for accurate RV measurements.
For those 85 stars discussed in Section 6.3 and the 6 discussed in Section 2 which do not have PM information available, we assign membership based solely on their RV information, using similar criteria as listed above.
Color-Magnitude Diagram
Using the Gaia DR2 photometry and our three-dimensional membership information we present a cleaned CMD of NGC 7789 members in Figure 11 . This CMD includes all three-dimensional BM, BLM, and SM stars. The cleaned CMD clearly shows the main sequence, crowded with velocity-variable stars, a very well-defined red giant branch (RGB), and a populous red clump at G ∼ 13. A number of BSS remain, which we discuss in more detail in Section 11.
We also show a 1.6 Gyr MIST (Dotter 2016) isochrone with a distance of 1.8 kpc, A V = 0.85, and [Fe/H] = 0.023. These figures are roughly consistent with the heliocentric distance of 2074.7 ± 4.4 pc as measured by Cantat-Gaudin et al. 2018, E(B − V ) = 0.28 ± 0.02 as measured by Wu et al. (2007) , and [Fe/H] = 0.02 ± 0.04 as measured by Jacobson et al. (2011) . The parameters used in our isochrone fitting are not meant to supersede those already published. Our isochrone is meant rather to guide the eye and serve as a reference point to distinguish between MS stars and BSS candidates.
Sub-Subgiants and Red Stragglers
We note two three-dimensional-member stars are sub-subgiant (SSG) candidates that fall significantly to the red and fainter than the subgiant branch and RGB with G BP − G RP ∼ 1.2 to 1.4. (Additional background on SSGs can be found in Geller et al. 2017a .) The candidates are WOCS 20035 and WOCS 35033. WOCS 20035 has G BP − G RP = 1.18, P RV = 95%, and P µ = 99%. WOCS 35033 in turn has G BP − G RP = 1.38, P RV = 94%, and P µ = 93%. WOCS 20035 is velocity variable with a relatively low amplitude of ∼7 km s −1 , but does not yet have a complete orbital solution. WOCS 35033 is a rapid rotator with a best-fit v sin i of 120 km s −1 ; at the consequent poorer measurement precision of ∼2 km s −1 , we have not detected velocity variability (see Equation 1). They are both targets of ongoing study.
We also note two three-dimensional member stars that lie to the red of the RGB: WOCS 19016 (G = 13.7, G BP − G RP = 1.68) and WOCS 22023 (G = 14.2, G BP − G RP = 1.47). These stars lie in the region of the CMD consistent with red stragglers (RSS; more background also can be found in Geller et al. 2017a ). Geller et al. (2017a) note that out of the seven RSS candidates they identify, four of them were found to be X-ray sources and three were found to be photometric or velocity variables. The three observations of each of these stars conducted to date, however, do not meet our velocity-variability threshold. Geller et al. (2017b) suggest that SSGs and RSS may be linked through evolution; that is, SSGs may evolve into RSS. We might therefore expect these RSS candidates to be velocity variables, as are most SSGs, if the larger red stragglers can fit within the SSG orbits. We have obtained effective temperatures and luminosities of both WOCS 19016 and WOCS 22023 from Gaia DR2: WOCS 19016 has T eff = 4224K and L = 73L , while WOCS 22023 has T eff = 4531K and L = 9.5L . From these values we derive estimated stellar radii of 16 R and 5 R , respectively. Following the formalism of Paczyński (1971) , we derive the minimum orbital periods of these two stars with the relation
where R L1 is the Roche lobe radius of the primary star. For each star we set R L1 equal to the derived radius of the star. Assuming each star is near the cluster turnoff with a mass of ∼1.8 M and each has a 1 M companion orbiting at the Roche radius, we find limiting orbital periods of ∼17 d for WOCS 19016 and ∼3 d for WOCS 22023. These periods are typical of SSGs (albeit perhaps not WOCS 20035 here), and so do not evidently explain the lack of velocity variability of these RSS candidates.
We also examine the respective critical separations for stability against tidal mergers, using the relation from Rasio (1995) :
where q is defined to be M 2 /M 1 , R 1 is the radius of the primary star, and k 1 is the dimensionless gyroradius of the primary star. If we assume k 2 1 ∼ 0.1, as does Webbink (1976) , the critical separation for each star corresponds to a period of ∼120 d for WOCS 19016 and ∼22 d for WOCS 22023, respectively, both substantially longer than the minimum periods at their Roche radii. We note that these results depend somewhat sensitively on the choice of k 1 . We also note that the relation of Rasio (1995) is a good approximation only for a mostly radiative main-sequence star. Stars with more substantial convective envelopes are more compressible than primarily radiative stars, which tends to shrink a inst for a fixed primary radius. Presuming sub-subgiants and their descendants do have substantial convective envelopes, our derived a inst could be too large by as much as ∼30%. It is therefore possible that these two stars are the result of merged sub-subgiants in close binaries, once the primary star began evolving along its RGB. Neither of these two stars, however, have been observed to be rapidly rotating, challenging the merger hypothesis. These two stars remain targets of ongoing study.
There are three other stars in the sub-subgiant and red straggler regions of the CMD: WOCS 24035, WOCS 29015, and WOCS 35029. All of these stars have high-noise astrometry, and as such we do not have reliable P µ for them. These stars are placed on the CMD based solely on their P RV , and none of them show velocity variability or unusually large radii. While these stars are also the subject of continued study, we do not label them as RSS or SSGs at this time because we cannot say with the same level of certainty that they are cluster members. Using the data given in Table 1 we determine orbital solutions for 62 single-lined spectroscopic binaries (SB1). We show these orbit solutions in Figure 12 . For each, the orbit solution is plotted in the top panel and the observed-minus-computedresiduals (O−C) are plotted in the bottom panel. The orbital elements and the 1σ errors for each binary are listed in Table 6 . The first row contains the binary ID, the orbital period (P ), the number of orbital cycles observed, the center-of-mass RV (γ), the orbital amplitude (K), the eccentricity (e), the longitude of periastron (ω), a Julian Date of periastron passage (T • ), the projected semi-major axis (a sin i), the mass function (f (m)), the rms residual velocity from the orbital solution (σ), and the number of RV measurements (N ). The second row contains the respective errors. 
Note- Table 6 is also published in machine-readable format. Figure 12 . NGC 7789 SB1 orbit plots. We plot RV against orbital phase for each binary with the WOCS ID and orbital period above each plot. Filled circles indicate the data points, the solid line is the orbital fit to the data, and the dotted line marks the γ-velocity. We show the residuals from the fit below each binary plot.
Double-Lined Orbital Solutions
For double-lined spectroscopic binaries (SB2) we use TODCOR (Zucker & Mazeh 1994) which utilizes two template spectra to simultaneously derive RVs for the primary and secondary stars. For these binaries we used an observed solar spectrum for both templates.
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BINARY FREQUENCY
Completeness in Binary Detection
We follow the Monte Carlo approach to our binary detection completeness described in Geller & Mathieu (2012) . In brief, we generate observations of artificial binaries based on the Galactic field binary period and eccentricity distributions of Raghavan et al. (2010) and a random selection of mass ratio, orbital inclination, ω, and phase. We incorporate the measured tidal circularization period of NGC 7789 determined in Section 10. For each star we use the actual observation dates and precision value based on its v sin i. From the detectability of these synthetic binaries we calculated a detection percentage of 84% for binaries with periods under 1,000 days, 75% for periods under 3,000 days, and 60% for periods under 10,000 days. These numbers are slightly less than the completeness percentages for NGC 188 (Geller & Mathieu 2012) and NGC 6819 (Milliman et al. 2014) . This is due to the poorer precision associated with the rapidly rotating stars, which makes it more difficult to identify long-period, low-amplitude binary stars.
Main-Sequence Binary Frequency
We find 226 single and 54 binary member and likely member stars on the main sequence of NGC 7789, restricting our analysis to G ≥ 14.0 and 0.8 ≤ G BP − G RP ≤ 1.0. We incorporate the 60% detection percentage to find a MS binary frequency of 31% ± 3% for binaries with periods less than 10 4 days. This is consistent with the binary frequency of 32% found by Gim et al. (1998b) in their RV study of giant stars in NGC 7789.
The P < 10 4 d binary frequency found for other WOCS clusters include: 24% ± 3% in M35 (150 Myr; Leiner et al. 2015), 22% ± 3% in NGC 6819 (2.5 Gyr; Milliman et al. 2014 ), 34% ± 3% in M67 (4 Gyr; Geller et al. 2020, in prep.) , and 29% ± 3% in NGC 188 (7 Gyr; Geller & Mathieu 2012) . NGC 7789's value is consistent with these clusters.
PHOTOMETRIC VARIABLES
We have cross-referenced our primary sample to the photometric variables found by Jahn et al. (1995) , Mochejska & Kaluzny (1999) , and Zhang et al. (2003) , and list the results in Table 8 . Along with the photometric types and periods determined by these sources, we also list the orbital period for spectroscopic binaries, the P RV , P µ , and any additional comments we have for the star. · · · · · · · · · · · · · · · · · · v30 EA · · · 100 BM, SB2
20007
· · · V13 · · · · · · · · · · · · · · · · · · · · · · · · 98 BU 25008 · · · V10 δ Scu 0.0955 V10 δ Scu 0.0868 · · · · · · · · · 81 SM, RR, BSS Cand.
33005
· · · V2 EW 0.72 V2 EB 0.7165 · · · · · · · · · · · · VRR 33010 · · · V6 EW 0.884 · · · · · · · · · · · · · · · · · · 0 SNM Note-EA: β Persei type (semi-detached), EB: β Lyrae type (detached), EW: W Ursae Majoris type (contact) * While this binary is considered a field star, we have a complete orbital solution for it and provide its parameters as follows: Of the nine photometric variables that overlap with our primary NGC 7789 sample, we find three to be PM and RV members or likely members. WOCS 14014 and WOCS 17028, noted as eclipsing binaries by Mochejska & Kaluzny (1999) and Zhang et al. (2003) , respectively, are SB2's with orbital solutions. The orbital period we find for WOCS 17028 is almost twice the eclipse period found by Mochejska & Kaluzny (1999) . Zhang et al. (2003) do not fit a period to WOCS 14014 because of their short observing window and incomplete phase coverage. Another eclipsing binary, WOCS 11016, is an SB1 BSS candidate that has P µ = 0% and we consider it a field star. WOCS 13004 and WOCS 33005 are noted as W UMa's. WOCS 13004 has a very high proper-motion membership probability, and we also classify it as a BU RR with v sin i = 110 km s −1 . WOCS 33005 is a VRR with high-noise proper motion membership information. WOCS 20007 is detected by Jahn et al. (1995) , but they did not have the time baseline to determine specifics about this system. We find it to be a binary which we classify as a BU. The one pulsating variable in this sample is a δ Scuti, WOCS 25008, which we find to be a single member of NGC 7789.
TIDAL CIRCULARIZATION
We update the standard WOCS method to measure the tidal circularization period (CP) for NGC 7789. Like Meibom & Mathieu (2005) , we fit the piecewise function
to the period-eccentricity distribution of MS binaries from 1 mag below the cluster turnoff to our magnitude limit of G ∼ 15 (excluding proper-motion non-members), using the same cutoffs as in Section 8. Γ is set to 1.0, β is set to 0.14, and α is set to 0.35, the average eccentricity for binary orbits over 50 days in the Pleiades, M35, Hyades, M67, and NGC 188. We minimize the total absolute deviation between the observed eccentricity and the model to determine the circularization function and P . Specifically, we follow Geller et al. (2020, in prep.) and use a bootstrap technique to determine the circularization period and its uncertainties. CP is the period at which the best-fit circularization function equals 0.01, or e(CP) = 0.01. We find a CP of 8.22 +3.51 −1.35 days, and plot the period-eccentricity distribution along with the best-fit circularization function in Figure 14 . Meibom & Mathieu (2005) studied eight main-sequence binary populations: the pre-main-sequence, Pleiades, M35, Hyades, M67, NGC 188, the field, and the halo to investigate tidal dissipation mechanisms. Since then the tidal circularization of NGC 6819 was measured by Milliman et al. (2014) , Leiner et al. (2015) updated the value for M35, and Geller et al. (2020, in prep.) updated the value for M67. With this work we incorporate the results for NGC 7789 and plot all the data in Figure 15 . (But note that only the NGC 7789 and M67 data are derived with the new bootstrap algorithm. This approach finds larger uncertainties than found by Meibom & Mathieu 2005) . Figure 14 . The orbital eccentricity versus the orbital period for the MS binaries in NGC 7789. The large eccentricities for long period systems transition to circular orbits for short period binaries. We determine the circularization period to be 8.22 +3.51 −1.35 days indicated by a black dash near the bottom of the plot, with the uncertainty overplotted as a light grey bar. We also overplot the best-fit circularization function of Meibom & Mathieu (2005) in grey.
Our tidal circularization period for NGC 7789 is consistent with the trends of the prior clusters. It is worth reminding that the tidal circularization periods of both NGC 6819 and NGC 7789 are derived from main-sequence stars that have moved off of the cluster ZAMS, and are of slightly higher mass than the other clusters. Tidal circularization depends sensitively on stellar radius and convection zone structure. Future studies should re-determine the tidal circularization periods for these clusters with ZAMS stars.
We also include the theoretical predictions that tidal circularization is only significant during the pre-main-sequence (PMS) phase (Zahn & Bouchet 1989) , the algorithm from the Binary-Star Evolution (BSE) code (Hurley et al. 2002) and an ad hoc rate from Geller et al. (2013) that combines the PMS circularization from Kroupa (1995) and the BSE from Hurley et al. 2002 with an artificially increased convective damping term tuned to match the distribution of tidal circularization period with cluster age. Still, no self-consistent theory is able to explain the relationship between cluster age and tidal circularization.
BLUE STRAGGLERS
We define BSS as being to the blue of the dashed line in Figure 16 , which we place based on single-star and equal-mass binary isochrones. We list all the BSS in our pri- Figure 15 . Tidal circularization period as a function of age for the eight clusters studied by Meibom & Mathieu (2005) including the update to M35 from Leiner et al. (2015) , the addition of NGC 6819 from Milliman et al. (2014) and our result for NGC 7789. The Zahn & Bouchet (1989) prediction that tidal circularization is only significant during the PMS phase is plotted in the broad gray line. The theoretical model from the BSE algorithm from Hurley et al. (2002) and the ad hoc tidal energy dissipation rate from Geller et al. (2013) are also plotted as the solid gray curve and the dashed line, respectively. mary NGC 7789 sample in Table 9 along with the number of WIYN observations that satisfy our quality thresholds, Gaia DR2 photometry, P RV , P µ , our RV membership classifications, as well as any additional comments. Table 9 continued on next page Eleven BSS have P RV ≥ 50% and P µ ≥ 50%, and two more BSS have P RV ≥ 50% but high-noise PM information. We consider these 13 stars to be BSS cluster members. Seven other BSS with P RV ≥ 50% all have P µ < 50% and we treat them as field stars. For the member BSS, four have completed orbital solutions: WOCS 5011, WOCS 10011, WOCS 20009, and WOCS 36011. All of these stars are SB1s. WOCS 5011 and WOCS 20009 are both long-period SB1s with periods of 2710 d and 4190 d, respectively. Such periods are consistent with mass transfer from asymptotic branch giants (e.g., Mathieu 2011 and Gosnell et al. 2019 , albeit will less massive turnoffs). WOCS 36011, on the other hand, has a shorter period of 217 d and a much higher eccentricity with e ∼ 0.74. Blue stragglers with periods on the order of 10 2 days are likely the result of mass transfer from an RGB star, as in the case of WOCS 5379 in the open cluster NGC 188 (Gosnell et al. 2014; Gosnell et al. 2019) . Interestingly, the CMD location of WOCS 36011 in NGC 7789 relative to the ZAMS turnoff is very similar to that of WOCS 5379 in NGC 188 (although the primary star of WOCS 36011 is of higher mass).
Our analysis of the mass function of WOCS 36011 is inconclusive regarding the presence of a white dwarf companion from an RGB donor star, as we can only place a lower limit on the companion stellar mass of ∼0.05 M . The very high eccentricity may be challenging to a mass-transfer origin modeling. This blue straggler, like its counterpart in NGC 188, is the subject of continued observation. Figure 16 . The Gaia DR2 CMD of NGC 7789 highlighting the BSS that fall to the blue of the dashed line. BSS non-velocity-variable RV members with P µ ≥ 50% are indicated by blue dots. Binary BSS, all of which have orbital solutions, are marked with an additional circle. The curves are the same as in Figure 11 .
WOCS 10011 has a similarly low period and significant eccentricity, with a period of 517 d and e ∼ 0.37. It may be the case that this binary is not a true blue straggler, but rather on the cluster blue hook. For the purposes of this work, we consider it to be a blue straggler candidate and it remains the subject of continued study.
The long-period orbits we find for two of the NGC 7789 blue stragglers are in line with the BSS orbital periods found for the intermediate-aged open cluster NGC 6819 (2.5 Gyr) and the old open cluster NGC 188 (7 Gyr). For NGC 6819, the three SB1 BSS with orbital solutions have periods of 762 d, 1144 d, and 3900 d (Milliman et al. 2014) . In NGC 188 all but one of the SB1 BSS (13/14) have a period on the order of 10 3 days (Geller & Mathieu 2012) .
With the four detected velocity-variable BSS we find a BSS binary frequency of 31% ± 15% (4/13). This is consistent with the 40% ± 16% found for NGC 6819 (Milliman et al. 2014 ) and less than the 80% ± 20% BSS binary fraction found for NGC 188 (Mathieu & Geller 2009) and the 79% ± 24% BSS binary fraction found in M67 . If we exclude the borderline BSS candidates WOCS 10011, WOCS 25008, and WOCS 25024 the BSS binary frequency is then 30% ± 17%, still consistent with NGC 6819. Excluding also the other BSS candidate with high-noise astrometry, WOCS 4009, the binary frequency is then 33% ± 19%.
SUMMARY
We present the results of a complete and extensive time-series radial-velocity survey of 1206 stars in the open cluster NGC 7789. The stellar sample extends to a radius of ∼18 (10 pc in projection) from the cluster center and covers a G mag range from ∼ 10 to 15. This magnitude range includes evolved MS stars to 1 mag below the turnoff, giants, red-clump stars, blue stragglers, and sub-subgiant candidates.
We use these radial-velocity measurements and Gaia DR2 data to derive a sample of 564 three-dimensional cluster members. We identify 105 velocity-variable cluster members, and present spectroscopic orbital solutions for 83 binaries. We calculate an incompleteness-corrected MS binary fraction of 31% ± 3% for binaries with periods under 10,000 days, consistent with other open clusters studied by WOCS. We find a tidal circularization period of 8.22 +3.51 −1.35 days, consistent with the ad hoc tidal dissipation rate of Geller et al. (2013) .
We detect 31% ± 15% of BSS as velocity variable, consistent with the frequency of velocity-variable BSS in the similarly-aged cluster NGC 6819. We also identify two BSS, WOCS 10011 and WOCS 36011, whose low periods and significant eccentricities may be the result of mass transfer from an RGB star.
We also find two sub-subgiants and two red stragglers in our sample. We note that the amplitude of the velocity variability of the sub-subgiant WOCS 20035 is lower than that of other sub-subgiants, which typically have short orbital periods. Neither of the red stragglers are velocity variables. We look forward to our expanded observations of NGC 7789 that will shed more light on these alternative stellar evolution products.
